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Introduction
Classical rolling-element fatigue, which is of subsurface origin, has been considered the prime life-limiting factor for rolling-element bearings. With proper design, handling, installation, lubrication, and system cleanliness, a rolling-element bearing will eventually fail by fatigue. Field experience has shown that less than 10 percent of the bearings removed from service have failed from end of life sub-surface fatigue. The remaining 90 percent of the failures are due to causes such as lubricant flow interruption, lubricant contamination, lubricant deterioration, excessive dirt ingestion, improper bearing installation, incorrect mounting fits, mishandling of bearings prior to installation, installing a contaminated bearing, manufacturing defects, ring growth in service, and corrosion. These other modes of failure are for the most part unpredictable. They tend to be of surface as opposed to subsurface originated. In general, failures due to surface defects occur much earlier than those failures due to classical rollingelement fatigue (refs. 1 to 3). As a result, in aircraft engine and drive train applications, a large number of bearings are discarded at overhaul or during periodic maintenance because of surface defects (ref. 4) .
Typically, the total life of a commercial aircraft engine with repair can be expected to exceed 36 000 hr. In general, new technology, first-run engines will get upward of 20 000 hr of operation before engine removal and refurbishment. Operating times for second-run engines after refurbishment are less than those of first run engines (ref. 5) . Rolling-element bearing L 5 life for these engines can range from 30 000 to over 100 000 hr. These bearings are usually designed for the anticipated life of the engine and are not dependent on the number of times the bearings are reworked. Usually, bearing failure by spalling is a cause for immediate engine removal. However, most damaged bearings are discovered because the engine was removed for other causes or were subject to the rework process.
For nearly four decades it has been a practice in commercial and military aircraft application that rollingelement bearings removed at maintenance or overhaul be reclaimed. Bearings are disassembled, cleaned, and visually inspected. If no major imperfections are found, the bearings are reassembled, lubricated, and packaged for further service. In some cases the rolling elements are replaced with new balls or rollers (ref. 6) .
When a raceway is damaged by fatigue spalling it is not repairable and the whole bearing may be rejected. However, if the mating race is not damaged, the damaged raceway may be replaced to render the bearing reusable and fit for its intended purpose, if allowed by applicable procedures.
Bearing refurbishment and bearing restoration, which are extensions of bearing reclamation entail honing (i.e., superfinishing) or grinding the raceways, and restoration of critical bearing surfaces to regain their original characteristics and dimensions as well as replacing the rolling elements with new ones (refs. 7 and 8) . Honing restores the raceway finish to its original or improved condition and removes superficial surface defects (debrisdents, pits, scratched, corrosion, etc.) that would potentially reduce the bearing life. During refurbishment only 2.5 to 12.7 µm (0.0001 to 0.0005 in) of parent raceway material is removed by honing. At each overhaul the rolling elements are replaced with a new set.
The process of bearing restoration by grinding was first reported in 1976 (refs. 7 to 9). If superficial but rejectable surface damage to the bearing raceways has been caused by dirt or debris, raceways can often be restored by grinding. In general, superficial damage extends less than 51 µm (0.002 in.) from the surface. In 1985, Irwin, Anderson and Derner (ref. 10) developed a specification for bearing refurbishment and restoration (ref. 11) .
In order to experimentally establish the reliability of the restoration process, a pilot program comprising 250 rolling-element bearings from three separate bearing types that had been removed from service at maintenance were subject to the bearing restoration process (ref. 8) . Of this number, 30 bearings from each type were endurance tested for 1600 hr. No bearing failure occurred that was related to material removal from the raceways. Two bearings failed due to defective rolling elements, and these failures were typical of those that may occur in new bearings (refs. 4 and 8) .
According to a theoretical equation derived by Coy, Zaretsky, and Cowgill (12) in 1977, the ratio of the L 10 life of refurbished and restored bearings to the L 10 life of brand new bearings results in the life factors for bearings initially removed from service at their theoretical L 10 and L 50 lives, respectively. In general, the greater the amount of material removed in restoration, the closer is the approximation to the new bearing failure rate predicted by the theory. The theory also shows that if a given amount of material is to be removed in restoration, longer bearing life will be achieved with an earlier restoration time, say at the L 10 life rather that the L 50 life. The shortest life conditions occur when a minimum amount of stressed volume is removed at the L 50 life.
There were a number of limitations to the theoretical work reported by Coy et al. (ref. 12) . First, it was assumed that replacing the balls or rollers with new ones in a bearing did not change the resultant life of the bearing. Although this assumption is consistent with the Lundberg-Palmgren theory (ref. 13) , according to Zaretsky's rule (ref. 14) , this results in a lower life prediction value. Second, consistent with the Lundberg-Palmgren theory (ref. 13) , the critical shearing stress was assumed to be the orthogonal shear stress, τ o . The maximum shear stress, τ 45 should be the critical shearing stress and its depth below the surface is the more appropriate value to be considered. Using the depth to Z o will result in higher prediction of life when considering bearing restoration. Third, it was assumed that the material removal at the inner and outer raceways as a fraction of their stressed volumes were the same for both raceways. This assumption is not necessarily consistent with the bearing restoration practice.
In view of the aforementioned, it is the objectives of the work reported herein to extend the work of Coy, et al. (ref. 12) to (a) include the depth to the maximum shear stress on stress volume removal, (b) determine the effect on bearing life by replacing rolling elements with a new set at rework, and (c) determine the effect of combinations of rework of the bearing components on resultant bearing life. 
Nomenclature

Procedure
Bearing Rework
In 1982 the U.S. Army Troop Support and Aviation Material Readiness Command (TSARCOM) in St. Louis, Missouri, requested that the NASA Lewis Research Center (now Glenn Research Center) organize a broad industry committee to improve both the reliability and availability of ball and cylindrical rolling-element bearings used in U.S. Army aircraft. A NASA, Army, Industry committee was formed that was comprised of 37 persons representing 25 companies and U.S. government organizations that included helicopter companies, bearing manufactures who supply bearings to the U.S. Army Aviation Command, and aircraft engine manufacturers (refs. 10 and 11).
To improve bearing availability (and aircraft readiness), the committee prepared a bearing restoration and refurbishment specification. Bearing restoration refers to regrinding used bearings to new bearing tolerances, including the replacement of the rolling elements. Bearing refurbishment refers to cleaning and inspecting bearings and fitting them with new rolling elements with the option to hone the bearing raceways. This bearing rework specification was based on previous work on bearing refurbishment and restoration performed by NASA Lewis Research Center (now Glenn Research Center) and the U.S. Army Research and Development Command (refs. 7 to 9). According to an early theoretical equation initially derived by Coy et al. (ref. 12) these bearings should achieve 70 to 100 percent of the lives of previously unrun bearings, depending on when the bearing was removed from initial service and the amount of material removed at restoration (ref. 4) .
Bearing rework can be divided into four levels. These are (1) Reclamation, (2) Refurbishment, (3) Restoration by grinding, and (4) Remanufacture. The following procedures were recommended by the NASA, Army, Industry Committee (refs. 10 and 11) and updated by us.
Reclamation Level I.-Processing bearings involves inspecting a used bearing and checking/comparing it with new bearing drawing requirements. This process involves: When a bearing raceway is damaged by fatigue spalling, it is not considered for rework. However, when there is superficial damage to the bearing raceways, caused by dirt or debris, raceways can often be restored by honing or grinding. In general, superficial damage extends to a depth less than 51 µm (0.002 in.) from the surface.
For bearing refurbishment or restoration, repairable bearings are disassembled, the components are visually inspected, and the hardness of the bearing rings is measured. The components that are determined to be restorable are dimensionally inspected. Where necessary, the bearing faces, bores, and outer diameters are ground or polished and either nickel or chrome plated to a thickness that will allow the surfaces to be reground or polished to the original blueprint dimensions.
The bearing separator is stripped of its silver plating, where applicable, inspected for cracks, and replated. If it is required, the separator is replaced with a new one. The new rolling elements are placed within the separator and the bearing is reassembled.
During refurbishment both inner and outer raceways are honed to a depth of not more than 12.7 µm (0.0005 in.), which removes all superficial damage and a small portion of the stressed material volume. The surface is finished to its original blueprint specification or better. The bearing is then refitted with new rolling elements having a diameter equal to the diameter of the elements previously contained in the bearing plus twice the depth of honing. The new rolling elements used are from the same nominal size family.
During restoration both inner and outer raceways are ground to a depth of not more than 76 µm (0.003 in.), which removes all superficial damage and a portion of the stressed material volume. The surface is finished to its original blueprint specification or better. The bearing is then refitted with new rolling elements having a diameter equal to the diameter of the elements previously contained in the bearing plus twice the depth of regrinding. For the cylindrical roller bearings the roller length as well as the roller diameter is increased. The new rolling elements used usually exceed the original nominal size family. This large increase of the rolling elements may require the rework of the separator pockets or replacement of the cage.
Bearing Life Analysis
Lundberg-Palmgren Equation.
-In probabilistic life models, the bearing physical characteristics, applied load, operating profile, and environment determine the probability of failure, assuming that the life is represented by a known probability function. W. Weibull (refs. 15 to 17) was the first to suggest a reasonable way to estimate material fracture strength with such a probability function. Based upon the work of Weibull (refs. 15 From equation (1),
where for ball bearings ( fig. 1 
and for roller bearings ( fig. 1 
Lundberg and Palmgren (ref. 13 ) incorporated into their analysis a method and distribution function for statistically describing the fatigue life of materials developed by Weibull (ref. 15) referred to as the two-parameter Weibull distribution function.
From equation (5) 
where the life of the rolling element by inference is incorporated into the life of each raceway. In properly designed and operated rolling-elements bearings fatigue of the cage or separator should not occur and, therefore, is not considered in determining bearing life and reliability.
From equations (1) and (6) 
For equation (7) (6) should be written as follows:
where the Weibull slope e is the same for each of the components as well as the bearing as system.
For radially loaded ball and roller bearings, the life of the rolling element set is equal to or greater than the life of the outer race. Let the life of the rolling element set (as a system) be equal to that of the outer race.
From equation (11) (
where
For thrust loaded ball and roller bearings, the life of the rolling element set is equal to or greater than the life of the inner race but less than that of the outer race. Let the life of the rolling element set (as a system) be equal to that of the inner race.
From equation (11) (1/L 10 )
Examples for using equations (11) to (13) are given in Zaretsky (ref. 14) . As previously stated, the resulting values for L ir and L or from these equations are not the same as those from equation (6) . From the Zaretsky analysis, equation (7) remains unchanged. However, the values of the load life exponent p becomes 4 and 5 for ball and roller bearings, respectively.
Life of Reworked Bearings
For most applications, bearing life is calculated based upon an L 10 life or the time at which 90 percent of a population of bearings will exceed without failure and before which 10 percent of the population will have failed and have been removed from service. For most critical applications, most bearings will have been removed from service for various reasons on or before the L 10 life. Experience has shown that generally not more than 3 percent of these bearings will manifest a rolling-element fatigue spall.
For purposes of analysis let us assume that we have 1000 each thrust-loaded, angular-contact ball bearings that have been run to their L 10 of 10 000 hr. Assume further that 10 percent of these bearings have been removed for reasons of rolling-element fatigue on or before reaching their L 10 life. This leaves 900 out of the original 1000 bearings. Assume further that the remaining 900 bearings receive Level I rework and are put back into service. The L 10 life of the reclaimed bearings is that time at which 90 additional bearings would be expected to fail or the 
Effect of Metal Removal
Under Level II, III and IV rework for bearings, metal can be removed from the surface of one or both of the raceways. The effect of metal removal can increase the life of the raceway and increase the bearing life from that calculated for Level I rework. Figure 2 is a sketch of the relative value of the maximum shearing stress τ 45 as a function depth below the surface. The figure shows the effect of grinding or honing in redistributing the stress. In this figure Z 45 is normalized to equal 1, x is the depth of metal removal from honing or grinding. The normalized value of x is the fractional percent of metal removed.
Referring to figure 2, it is assumed that the stress volume is only that material that is from the surface to the depth of the maximum value of the τ 45 shearing stress where Z/Z 45 = 1. It is further assumed that the metal at depths greater than Z 45 are not stressed. Therefore, after material removal, metal having a stressed volume of
for ball bearings ( fig. 1(a) ), and
for roller bearings ( fig. 1(b) ) will have reduced life from that of an unrun raceway. Conversely, the stressed volume that is assumed not to have been subject to stress cycles after material removal is
for roller bearings ( fig. 1(b) ).
Each of the stressed volumes contributed to the life of the entire raceway having a stressed volume defined in equation (9) . From equation (10) 
From equation (26), where Further, assume that the bearing is removed from service undamaged at its L 10 life of 10 000 hr and that the inner raceway is restored by grinding 20 percent of the stressed volume from its surface where x =0.20. From equations (5) and (30a), 10 000 hr operation of the inner raceway represents a value of probability of survival S equal 0.927 for the inner raceway. Out of 1000 inner races in operation, 73 would be expected to have failed by 10 000 hr.
Assuming that running time of the inner race is set back to zero, then a new race L 10 life needs to be calculated in a similar manner to that previously discussed for the bearing represented by equations (14) to (17) . For the inner raceway, the L 10 life of the reclaimed raceway is that time at which 93 additional races would fail or where a total of 156 (73 + 93 = 156) inner races have failed of the original population. This would be the L 16 The same procedure as outlined above can be followed for the outer-race life and for those other times the bearings are removed from service.
Results and Discussion
Effect of Rework on Bearing Life
Bearing Reclamation Level I.-Life factors for Level I rework, where the bearing is returned to service after inspection only, are given in tables 1 and 2. Bearing removal at the L 10 Referring again to equation (7), the value for the load-life exponent p for cylindrical roller bearings as used by Lundberg and Palmgren is 10/3 or 3.333 (ref. 18 ). Poplawski, Peters and Zaretsky (refs. 21 and 22) stated that based upon their experience and analysis, the load-life exponent p of 10/3 is incorrect and will underpredict roller bearing life. It was their recommendation that this value be revised to 4 with consideration given to increasing it to 5. A load-life exponent of p = 5 best reflects the cylindrical roller bearing life results. However, by using a value of p = 4 a more conservative life prediction results that may be more commensurate with good engineering practice (ref. 23) . Table 3 shows the effect on bearing life factors of using different values of the load-life exponent p for ball and roller bearings at three load conditions. The table was normalized to p = 4 for ball bearings and p = 5 for roller bearings. What is apparent from this table and bearing data is that there is built into the Lundberg-Palmgren life calculations a very conservative safety or life factor depending on the load. For lightly loaded ball bearings, this factor could be as high as 20 and for heavily loaded ball bearings as much as 5. For roller bearings, the factor for lightly loaded bearings is 148 and for heavily loaded bearings as much as 15 (ref. 23) . The Lundberg-Palmgren equation is qualitatively correct but quantitatively conservative. All rolling-element bearing designs and life predictions are based in whole or in part on the Lundberg-Palmgren equations. Bearing data reported shows that 90 percent of bearings will have lives that exceed that predicted (ref. 23 ). Because of this, the removal rate for cause of Level I reclaimed bearings would not be expected to exceed that predicted for new bearings placed into service using the Lundberg-Palmgren equations.
The probability of survival for a new bearing at start-up is theoretically 100 percent (S=1) if infant mortality is ignored. However, for reworked bearings the probability of survival at start-up is less than 100 percent (S<1). This means that there is a finite probability of failure immediately on starting the reworked bearings. The physical reasons for this are simply that the material has already endured N stress cycles and that some of the bearings may have already had subsurface incipient damage.
Refurbishment Level II.-Level II refurbishment encompasses all the work of Level I but includes replacing the rolling elements. It may also include removing metal from the raceways by honing (superfinishing). The honing process besides removing metal from the surface, removes any superficial damage to the race surfaces, and improves the surface finish of the raceway. As a result, bearings with incipient surface failures are restored for extended useful life.
Superficial damage to the raceway surface can act as stress risers that can substantially reduce the useful life of the bearing. However, this aspect of bearing refurbishment is somewhat hard to quantify. Therefore, the analysis is limited to addressing the effect of bearing rework on subsurface initiated fatigue life. It does not cover the benefits of removing harmful surface damage by honing that may occur as a result of bearing operation.
We again assume that the radially loaded ball bearing previously discussed is removed from service at the L 10 life of 10 000 hr. After inspection, new balls are placed in the bearing. From equation (31c)
Calculating the new life of the outer raceway from equations (5) and (30b) at 10,000 hr is equivalent to 1.6 percent probability of failure for the outer race. This would mean that at 10 000 hr, approximately 16 While honing the races at Level II refurbishment provides some additional reliability to the bearing by improving the surface finish of the races and the removal of superficial race defects, the resultant theoretical bearing life is only increased by 1 percent from that where only the ball set is replaced without honing. The same results would also be obtained with cylindrical roller bearings.
Repeating the above example for thrust-load angular-contact ball bearings, assume that the bearing has an L 10 life of 10 000 hr and that the life of the outer race is 4 times that of the inner race, from equation (13), the life of the bearing components are as follows:
If the bearings are removed at their L 10 life of 10 000 hr and are subject to a Level II refurbishment with a new ball set and without honing, then the new lives of the components are calculated to be as follows:
From equation (11), the L 10 life of the Level II refurbished angular-contact ball bearing is 
The bearing life with honing is only 38 hr more than that without honing (9538 -9500 = 38). As before, the honing has a nominal effect on increasing bearing life as far as material stressed volume but can eliminate potential surface defects that can act as stress risers to decrease life.
Comparisons of life factors for Levels I and II rework are given in table 2. From the above discussion and the table, it can be reasonably concluded that Level II rework for radially loaded bearings such as deep-groove ball bearings and cylindrical roller bearings nominally increases bearing life over that obtained from Level I rework. However, for thrust loaded angular-contact ball bearings, Level II rework results in an approximate 10-percent increase in life from Level I rework and only a 5-percent reduction in life from that which is achievable with new bearings. Restoration Level III.-Level III restoration encompasses all of the work of Levels I and II, but also includes removal by grinding of some or all of the stressed volume on both raceways. Assume again for example that the deep-groove ball bearing previously discussed is removed from service at its L 10 life of 10 000 hr. From equations (31c) and (35a), the Level I inner-race L 10 Remanufacturing Level IV.-Level IV bearing remanufacturing usually comprises replacing one of the rings with a new component. In some applications, the outer ring of the bearing is also a structural member of a turbine engine (usually a flanged outer ring). It is therefore cost effective to keep the outer ring and only replace the inner ring and the rolling elements. However, for cylindrical roller bearings where there is an inner-ring riding cage/rolling-element assembly it is cost effective to keep the inner ring and separator and replace the outer ring and the rollers.
Assume that the inner ring of the deep-groove bearing is replaced along with the ball set. The Level IV L 10 life for the deep-groove ball bearing from equations (11), (30a), (30c) and (43d) 
The Level IV life factor is
The Level IV life of the angular-contact ball bearing from equations (11), (38a), (38c) and (45d) is Assume for purposes of example that a cylindrical roller bearing having an inner ring riding separator (cage) is removed at its predicted L 10 life of 10 000 hr. and is subject to Level IV restoration. The inner raceway is honed whereby 5 percent of the surface material is removed. The outer race and roller set are replaced with new ones. If the life or the outer race is 4 times that of the inner race, then the L 10 lives of the inner race, outer race and roller set are 13 796, 55 183 and 55 183, respectively. The life factor for the inner race after honing is calculated from table 1 and equation (33a) where
The life of the restored inner race is 12 140 hr. (0.88 X 13796 = 12 140) and the calculated life of the restored bearing is 9 127 hr. The Level IV life factor (LF IV ) for this bearing is 0.91 (9127/10000 ≈ 0.91). Where the inner race is reground removing 20 percent of the material from the raceway, the resultant Level IV life factor (LF IV ) is increased from 0.91 to 0.92 or approximately 1 percent. However, the resultant increase in cost from grinding additional material from the raceway may not be justified by the small increase in calculated life for this example.
From the above analysis, Level IV restoration has the potential to restore the life and reliability of bearings removed from service to nearly that of new bearings.
Comparison with Bearing Endurance Data
Representative life factors (LF) for the various levels of bearing refurbishment and restoration are summarized in table 2. These life factors vary from 0.87 to >0.99 depending on the amount of rework that the bearings are subjected to and assuming that they are removed from service on or before their L 10 life. The application of these life factors to actual bearing data needs to be examined. Harris (refs. 24 and 25) analyzed endurance data from 62 rolling-element bearing sets. A discussion of the Harris data can be found in references 20 and 21. These data were obtained from four bearing manufacturers. Two helicopter manufacturers, three aircraft engine manufacturers, and U.S. Government agency-sponsored technical reports. The data sets comprised of deep-groove radial ball bearings, angular-contact ball bearings, and cylindrical roller bearings for a total of 7935 bearings. Of these, 5321 bearings comprised one sample size for a single cylindrical roller bearing leaving 2614 bearings distributed among the remaining bearing types and sizes. Among the 62 rolling-element bearing endurance sets, 11 had one or no failure and could not be used for analysis (ref. 23) . These data are plotted in figure 3 using the number of bearings failed rather than the number of bearings in a set. A summary of the Harris data is contained in reference 23.
Vlcek, Hendricks and Zaretsky (ref. 23 ) established a simple algebraic relation for the upper and lower L 10 life limits as a function of the number of bearings failed for any geometry. These limits are also plotted in figure 3 . Relating these results to bearing rework, the appropriate life factor from table 2 is applied to the actual of true lives obtained ( fig. 3 ). The resultant L 10 life should fall between the maximum and minimum values if the rework life is no different from that analytically predicted (calculated) life using the Lundberg-Palmgren equations. If, however, the L 10 life is greater than the Maximum Variation L 10 Life, then the true life is probably greater than that calculated. If the L 10 life is less than the Minimum Variation L 10 Life, it must be reasonably concluded that the true L 10 life is probably less than that calculated for new unused bearings.
Using the above criteria, of the 51 sets of bearing data summarized in figure 3 , 47 sets of bearings, if subject to Levels I to III rework, would result in lives that would statistically be no different than that of new bearings. The 4 sets of deep-groove bearings that border on the minimum variation life may not be suitable for Levels I to III rework. However, they can be subject to Level IV rework to bring them into an acceptable range.
Based upon the above discussion, it may be reasonably concluded that 92 percent of the bearing sets will provide L 10 lives equal to or greater than that calculated for new bearings when subject to Levels I through III rework. Further, 100 percent of the L 10 lives of all bearing sets will provide lives no different from variations in L 10 life from the analytically predicted (calculated) life of new bearings when subject to Level IV rework.
Cost-Benefit Analysis
Aircraft and terrestrial gas turbine engines contain up to 7 main bearings. It is estimated that about 30 percent of the total engine bearings become suspect during maintenance checks and are candidates for rework. H. Hanau (ref. 7) in 1976 was first to discuss the economics and cost benefits of bearing rework. At that time, based upon statistics from the U.S. Army Aeronautical Depot Maintenance Center in Corpus Christi, Texas; Hanau (ref. 7) concluded that a 90 percent yield can be achieved by the restoration process. This restoration process would only include Levels III and IV and be beyond those bearings that would be reclaimed at Level I or restored at Level II. He estimated the cost to restore rolling-element bearings by grinding (Levels III and IV) ranged from 27 to 47 percent of new bearing cost depending on bearing size and complexity. The potential cost saving varied from 53 to 73 percent the cost of a new bearing. The more complex a bearing is, the greater the savings achieved by Levels III and IV restoration.
Hanau (ref. 7) also presented data showing the potential amount of steel and critical alloying savings for UH-1 helicopter engine and transmission bearings based on bearing rework. These data are shown in table 4. For aircraft gas turbine engines, the CFM56 engine uses 5 main bearings and approximately 26 accessory bearings all of which are candidates for Level II refurbishment. The cost of new main bearings is $80,000. Four of the 5 main bearings can be refurbished. The fifth bearing needs to be purchased. The total cost to refurbish the 4 bearings and to purchase a new bearing is $25,000 or a savings of 69 percent. The Level II rework costs for other aircraft engines is shown in figure 4 . These data show potential savings ranging from 71 to 82 percent of new bearing costs depending on the cost, size and complexity of the bearing.
Summary of Results
For nearly four decades it has been a practice in commercial and military aircraft applications that rollingelement bearings removed at maintenance or overhaul be refurbished or restored and returned to service. The work reported herein extended the previously reported bearing life analysis of these reworked bearings to consider the depth (Z 45 ) to maximum shear stress (τ 45 ) on stress volume removal and the effect of replacing the rolling elements with a new set at bearing rework. The effect of combinations of rework of the bearing components and/or their replacements on resultant bearing life was evaluated. The analysis was applied to endurance data for 51 sets of bearings. A cost benefit analysis was performed. The following results were obtained:
1. A simple algebraic relationship was established to determine the L 10 life of bearing races subject to partial removal of its stressed volume as a function of the depth (Z 45 ) to the maximum shear stress (τ 45 ) at refurbishment or restoration.
2. Depending on the extent of rework and based upon theoretical analysis, representative life factors (LF)for bearings subject to refurbishment and restoration ranged from 0.87 to 0.99 the lives of new bearings where the bearings are removed from service (before rework) on or before their predicted L 10 lives.
3. Based on bearing endurance data, 92 percent of the bearing sets that would be subject to rework would result in L 10 lives equaling and/or exceeding that predicted for new bearings with the remaining 8 percent having the potential to achieve the analytically predicted life of new bearings when one of the rings is replaced at rework.
4. The potential savings from bearing rework varies from 53 to 82 percent that of new bearings depending on the cost, size and complexity of the bearing.
